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1 Introduction

Composite overwrapped pressure vessels (COPVs) are employed

Guided Waves in Composite
Overwrapped Pressure Vessels
and Considerations for Sensor
Placement Toward Structural
Health Monitoring—An
Experimental Study

The utilization of composite overwrapped pressure vessels (COPVs) to store hydrogen,
especially at high pressures, is gaining more popularity due to their lightweight design
and high storage density, offering significant economic advantages. However, the presence
of material defects or fatigue can lead to critical failures, requiring an innovative and
robust approach to ensure safe operation and system integrity. Developing a continuous
structural health monitoring (SHM) system for COPVs can provide comprehensive real-
time information about their condition, facilitating a shift away from periodic inspections.
This study scrutinizes the behavior of guided waves (GWs) within COPV:s to design a sensor
network for damage detection and localization. First, the dispersive and multimodal prop-
agation behavior of GWs is experimentally investigated. Subsequently, important parame-
ters for the network design are derived and finally a sensor network consisting of 15
piezoelectric transducers is designed to cover the entire cylindrical area. The effectiveness
is then evaluated experimentally by placing artificial defects on the surface of the COPV.
The multi-layered dataset of GW signals was analyzed using both commonly used ultrasonic
features (e.g., amplitude, frequency, time of flight) as well as statistical features (kurtosis,
skewness, variance, etc.). These features were utilized to compute a damage index, and
the effectiveness of the detection performance was assessed using receiver operating char-
acteristic curves. It can be seen that some features are more sensitive and robust under
varying experimental conditions. The results show that ultrasonic GW SHM system is a
promising solution for damage detection and localization in COPVs.
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three principal types, designated as type II, type III, and type IV,
with type I representing a fully metallic vessel [2]. Type III and
type IV COPVs results in a notable reduction in overall weight com-

extensively in a diverse range of industries, including automotive
and aerospace. With the emergence of compressed natural gas
and hydrogen as novel energy sources, their storage is becoming
indispensable. In particular, future applications such as hydrogen-
powered vehicles and refueling stations, where pressures could
reach up to 700 bar are driving this change [1].

The classification of COPVs is dependent on the manner in which
the composite fibers are integrated into the design. This results in
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pared to other vessel types. In particular, COPVs exhibit superior
energy storage density, rendering them the optimal choice for high-
pressure applications. However, when compared to all-metal
vessels, COPVs require unique design, manufacturing, and testing
specifications [3].

The multilayer nature of the composite laminate used in the con-
struction of the COPVs is associated with a range of potential
failure modes [4]. The understanding of these failure modes is at
a much more rudimentary level than for metal vessels. The failure
mechanisms for COPVs include mechanical damage, stress
rupture (composite damage progression), fluid attack, corrosion,
fatigue crack growth, liner buckling, manufacturing defects,
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thermal environments, overstress, and external impacts [5]. These
failure mechanisms must be controlled to ensure the safe use of
COPVs from manufacture to decommissioning.

Safety considerations dictate the need for periodic inspection of
these structures. Currently, periodic inspections typically include
a hydraulic test along with internal and external visual inspections
[6]. However, these manual inspection methods are both time con-
suming and costly due to the various steps involved, such as mount-
ing and dismounting, process interruptions, hydrogen release, water
filling, hydraulic testing, drying, etc. In addition, these approaches
increase the risk of external influences on COPVs [7].

In order to overcome the limitations of current inspection strate-
gies, it is possible to introduce alternative inspection schemes that
can be performed in situ and during operation. For instance, contin-
uous monitoring through the utilization of structural health monitor-
ing (SHM) systems could facilitate a better assessment of critical
damage scenarios by focusing on the entire structure. The integra-
tion of such an SHM system could facilitate additional benefits
such as damage localization, using the vast amount of structural
data for lifetime prediction and for ongoing design improvements
to extend the lifetime of the asset.

A number of methods and techniques have been developed and
are available for SHM based on different modalities such as vibra-
tion, ultrasonic, acoustic emission, eddy current, and others [8].
Among these, ultrasonic guided waves (GWSs) are particularly
well suited for inspecting various shell-like structures. They can
travel long distances along complex structures, and interact with
developing defects. A notable example is composite structures,
where the material influences the wave behavior, making it possible
to detect barely visible damage caused by low-velocity impacts,
such as fiber breakage, matrix cracking, and delamination, with
just a few transducers. In addition, this method is readily applicable
to SHM using lightweight piezoelectric transducers, allowing full
coverage of the structure being inspected [3,9].

Over the past few decades, the majority of GW-based techniques
employed in the context of cylindrical structures such as pressure
have been used for the inspection and assessment of steel pipes.
The majority of research conducted on pipe sections has concen-
trated on the utilization of transducer rings to regulate the excitation
of specific modes of cylindrical GWs, such as the axisymmetric lon-
gitudinal L(0,2) modes [10,11] or torsional T(0,1) modes [12,13].
Others have configured an active piezoelectric network to capture
wave propagation characteristics and the influence of defects on
them. Consequently, models and optimization techniques for
sensor networks including the optimal distribution of actuating
and sensing points were developed to facilitate the collection of
more comprehensive data, thereby enabling the identification and
evaluation of flaws within the monitored area under study. A
noval approach by Ismail et al. [14] presents a method for trans-
forming any complex and closed section surface into a series of
flat 2D plates taking into account the continuity of the structure.
This involves defining the required boundary conditions to consider
wave propagation in various directions. Consequently, the wave
propagation characteristics are determined experimentally prior to
optimizing the sensor network positions, thereby ensuring that the
effect of curvature and other factors on the wave properties is
accounted for.

The aforementioned method, in conjunction with the simplifica-
tion of the COPV to a cylindrical structure, allows for the design of
sensor placements that deviate from the conventional forms of rings
or axial lines. Optimized sensor arrangements based on GW prop-
agation properties will result in enhanced coverage and more
precise damage detection. Nevertheless, the research on damage
detection and localization experiments on pressure vessels
remains limited. In their study, Li et al. [15] investigated the disper-
sion characteristics of various GW modes in pressure vessels. Based
on the findings of their simulations and experiments, they optimized
the excitation center frequency and waveform parameters of GWs.
In consideration of the theoretical background of GW in hollow
cylinders, Yang et al. [16] put forth an elliptic positioning algorithm
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based on coordinate transformation. Moreover, Li et al. [17] pro-
posed a new probabilistic ellipse imaging method to enhance the
precision of defect localization on the surface of pressure vessels.
While the majority of these studies concentrated on metallic
vessels, others investigated the potential of GW for COPV in the
context of SHM [18,19]. Memmolo et al. [3] provided a compre-
hensive overview of the steps required for the design and verifica-
tion of a GW-based SHM system for defect detection and
localization in a COPV.

The principal objective of this paper is to gain insight into the
propagation characteristics of GWs in COPV toward the develop-
ment of a sensor network to provide an optimal coverage of the
area under study. This will further enhance the ability to locate
and assess damage.

The outline of the paper is as follows: Sec. 2 highlights the meth-
odology to experimentally investigate and evaluate the propagation
characteristics of GW in the COPV, with a view to extracting crucial
parameters for sensor network design. Section 3 briefly presents the
results of the sensor network design optimization, followed by an
experimental validation of the network using artificial damages
applied on the surface described in Sec. 4. The data are then evalu-
ated with traditional GW tomography fusion techniques using
ultrasonic features (time, frequency, amplitude) and statistical fea-
tures. Finally, the damage visualization capabilities are analyzed.

2 Guided Wave Propagation Characteristics in COPV

2.1 Guided Waves in Cylindrical Structures. In the context
of pipe-like structures, GWs are referred to as cylindrical lamb
waves [20]. Gazis [21] presented a general solution for the displa-
cement field components of GW particles in long hollow cylinders,
thereby establishing the analytical foundation of GWs in a three-
dimensional hollow cylinder of infinite range. As a consequence
of the cylindrical curvature and dispersion characteristics, the prop-
agated waves display complex multimodal behavior. Multimode
GWs are capable of propagating along a variety of paths, including
circumferential/flexural, longitudinal, and torsional, which refers
traveling through the thickness dimension [22]. Figure 1(a) from
Ref. [23] illustrates the various wave mode displacement fields
within a bar/pipe.

In cylindrical structures, the GW modes are designated as L(0,n),
T(0,n), and F(m,n), as outlined in Ref. [24], which correspond to the
longitudinal, torsional, and flexural modes, respectively. The index
m denotes the harmonic number associated with the variation in cir-
cumference, while the index n represents the order of the wave
mode. The modes that span from zero frequency were the first
mode. The remaining modes were designated according to the
order of their cutoff frequency.

Axisymmetric modes, which include both longitudinal and
torsional modes, are of particular interest for damage detection pur-
poses due to their high sensitivity to surface and through-thickness
cracks. In particular, the L(0,2) mode is frequently used due to its
faster velocity and non-dispersive nature across a broad frequency
range [25]. L(0,2) is particularly effective in detecting depth and cir-
cumferential changes. Furthermore, Li et al. [15] demonstrated the
application of the L(0,2) wave mode in the detection and assessment
of leakage in composite pressure vessels with minimal energy loss
into the water inside the vessel. Furthermore, L(0,2), which is
equivalent to the Sy mode [26], is less susceptible to attenuations
caused by sharp corners [23]. Although L(0,1) typically coexists
with L(0,2), it can be excluded from the analysis because it
propagates at a slower group velocity. To illustrate, Fig. 1(b)
depicts the group velocity dispersion curves for a hollow cylinder
made of 30CrMo steel with a diameter of 356 mm and a wall thick-
ness of 5mm, as calculated using a MATLAB code developed by
Kiefer [27].

2.2 Experimental Characterization of the Dispersion
Behavior. Given the complex multimodal dispersion behavior, it
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Fig. 1 (a) Displacement fields for different wave propagation modes in a cylindrical structure [23] and (b) group velocity dis-
persion curves in a hollow steel cylinder with (l) longitudinal and torsional modes and (ll) flexural modes

is essential that the design of a damage monitoring sensor network
incorporates a precise analysis of the wave propagation in the pres-
sure vessel. This understanding can facilitate the selection of crucial
wave parameters, such as the wave mode or the excitation fre-
quency, which are essential for the applicability of damage monitor-
ing [28].

The structure under investigation was a type IV COPV for the
storage of hydrogen, manufactured by NPROXX (see Fig. 2(a)).
The vessel has a plastic liner with 2 mm wall thickness and over-
wrapped carbon fiber-reinforced polymer composite with approxi-
mately 16 mm wall thickness. The length of the cylinder between
valves was 1510 mm, the cylindrical part was 1270 mm, and the
outer diameter was 228 mm. In order to determine the dispersion
behavior, an experimental approach was selected. Consequently, a
series of seven piezoelectric ceramics (PZTs), positioned at 150
mm intervals, were mounted on the upper surface of the pressure
vessel using a thin layer of two-component epoxy adhesive. The
PZT numbering is from left to right, with the numbers increasing
from 1 to 7, as shown in Fig. 2(a). Two PZTs were positioned at
90deg and 180deg to PZT 4 (numbers 8 and 9, respectively)
along the midpoint of the pressure vessel. Furthermore, at the line
of PZT 7, two additional PZTs were positioned at 90 deg and 180
deg (numbers 10 and 11, respectively). DuraAct patch transducers
(P-876K025) with a 10mm circular ceramic embedded in a
ductile polymer from PI Ceramics (Lederhose, Germany) were
employed as sensors. To examine the wave propagation a tone
burst with five cycles was generated using a multifunction data
acquisition system (NI-USB 6366), then amplified to 300V,
using a high-voltage amplifier (Falco Systems WMA-300). This
was used as the excitation signal. While one PZT served as the actu-
ator, the remaining PZTs functioned as receivers, with the role alter-
nating until all the PZTs were used as actuators. A series of

excitation frequencies was employed ranging from 10kHz to 250
kHz in increments of SkHz or 10kHz. The dispersion curves
were generated using the measurement results obtained from the
sender-receiver combination PZT 3 to PZT 5 (spaced at 300 mm).
For each of the excitation frequency, the wave packages (modes)
were identified and their group velocities were calculated based
on the first, second, or third peak of the sensed signals depending
on their clarity. This was done using the time of flight and the
known distance between the exciter and the receiver (Fig. 3).

Four modes were identified: modes 1 and 2 are traveling at a
slower speed than modes 3 and 4. Modes 1 and 2 were observed
to have a nearly constant speed as the frequency increased, similarly
for modes 3 and 4 above 180 kHz. In the frequency range below 180
kHz, modes 3 and 4 exhibited a notable variation in the group veloc-
ity, as illustrated in Fig. 3(a). This reached a peak value of approx-
imately 6000 m/s at 140kHz. An investigation into the amplitude
of the four modes identified revealed that modes 3 and 4 exhibited
a higher amplitude than modes 1 and 2, as illustrated in Fig. 3(b).
The amplitudes of modes 1 and 2 were observed to be markedly
low above 50kHz. Modes 3 and 4 exhibit two peaks, the first
around 130kHz (with multiple modes present) and the second at
220kHz (with one dominant mode).

In addition to the measurements obtained with the PZT sensor
array, line scans were conducted using a scanning laser Doppler
vibrometer (SLDV), as shown in Fig. 2(b). This method allows
for the acquisition of a high spatial resolution of the propagating
wave field, thereby providing a higher density of information
regarding the detection and analysis of the wave modes. The
wave field was measured along a scan direction using a chirp
signal with a frequency range of 20-500kHz and a duration of
200us as excitation, as previously described by Kudela et al.
[29]. The generated chirp signal was fed to an arbitrary wave

Fig. 2 (a) COPV with sensor network for examining the propagation of GWs and (b) experimental setup for investigating the
propagation of GWs in a COPV using an SLDV
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Fig. 3 Dispersion curves using experimental data based on data collected using PZT 5 (sensor) when exciting with PZT 3:

(a) group velocity and (b) amplitude

generator (Agilent 33521 A) and amplified to 100 V using a high-
voltage amplifier (Ciprian HVA-400-A) prior to being fed to PZT
8. The wave field was recorded using a 3D SLDV (PSV-500-
3D-HV, Polytec).

Subsequently, the acquired temporal and spatial data can then be
transformed into the frequency—wavenumber domain (f~k plot)
using two-dimensional fast Fourier transform (2D FFT), which
allows the individual modes to be identified. Figure 4(a) illustrates
the outcome of the SLDV scan conducted along the longitudinal
axis. A visual examination of the diagram reveals the presence of
two distinct wave modes, characterized by a low propagation
speed and frequency. In contrast, two additional modes are more
prominent and propagate at a higher speed. The four modes in ques-
tion can be matched with modes 1-4, which were previously iden-
tified in the preceding experiment. The dispersion curves for the
phase velocity can be created using the relationship v, =2xf /k,
as illustrated in Fig. 4(b) by means of the f~k plot.

2.3 Laser Line Scan Results for Different Directions. There
is a strong dependence between the mechanical properties of the
materials and the lay-up sequence of the fibers. As the mechanical
properties of the material are dependent on the direction or orienta-
tion of the fibers, the characteristics of wave propagation are also
subject to change. In order to gain a deeper insight into the
excited modes in the COPV, a laser line scan was conducted
along the longitudinal, circumferential, and diagonal directions
using the aforementioned setup with the SLDV. Furthermore, the
response of the PZT wafers positioned around the circumference
is investigated to gain deeper insight into the relationship between
direction and wave propagation characteristics in the COPV.

Figure 5 illustrates the f~k images captured in the three scanning
directions. Additionally, it illustrates the combinations of the
various laser measurement component (in X, Y or Z) to generate
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the f~k images. The combination of the laser measurement compo-
nents was explored to understand their relation to the propagation
direction of the modes. In particular, the question was whether
the modes were in-plane or out-of-plane. This approach facilitates
the enhanced visualization of specific modes in accordance with
their intrinsic characteristics. No weighting factors were employed
when combining the measurements obtained from the various com-
ponents. Each laser head captures different modes (in-plane or
out-of-plane) and as such the information from each measurement
is inherently different and does not require additional weighting.
The SLDV was orientated in a fixed position relative to the test
object. The measurements were constrained by the scanning capa-
bilities of the instrument, which were limited to a range of less
than 100 mm. This limitation was primarily due to the curvature
of the object, and the objective was to maintain a relatively
narrow scanning range by measuring only along the available cir-
cumferential and diagonal lines. As can be observed in Fig. 5, the
presence of two dominant modes is evident. In comparison with
the velocities illustrated in Fig. 4, it is probable that these represent
mode 3 and 4. Furthermore, the slope of the f~k plot is consistent
regardless of the direction of the SLDV scan (illustrated by the
green and red arrows), indicating that the phase velocity remains
unaltered when the scan direction is varied. This may indicate the
presence of quasi-isotropy in the materials. Further analyses were
conducted to investigate the dependency of the propagation direc-
tion. The responses from PZT 4, 8, and 9 were analyzed while excit-
ing using PZT 2. PZT 2 and PZT 4 are located on the surface of
the vessel and spaced at 300 mm, PZT 8 is placed on the side,
and PZT 9 is on the bottom side directly below PZT 4 (see
Fig. 2(a)). Figure 6 illustrates a typical response at an excitation fre-
quency of 220 kHz.

The propagating speed of the first transmitted wave was deter-
mined to exhibit a range of approximately 5000 m/s, contingent
on the specific PZT sensor employed. A maximum variation of
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Fig. 4 f-k diagram of the SLDV line scan along the longitudinal direction: (a) excitation using a chirp signal with a frequency
range of 20-500 kHz and (b) phase velocities extracted from (a) plotted as dispersion curves
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Fig. 5 f-k diagrams for the chirp excitation in various directions along the (a) longitudinal, (b) circumferential, and (c) diag-

onal directions

2% was observed in the propagating speed. Similarly, when other
excitation frequencies were employed (see Table 1), the velocity
along the various directions exhibited minimal variation, with the
exception of the 180kHz excitation frequency. At 180kHz, the
variation reached 27%. It is likely that this outlier is the result of
a measurement error.

2.4 Guided Wave Propagation at Selected Frequencies.
Following an investigation into the wave propagation behavior of
GW in the COPYV, it is essential to ascertain the quality of the
signal and its interaction with any potential defects. It is of signifi-
cant importance to select an excitation frequency that exhibits a
minimal number of wave modes in order to facilitate straightfor-
ward signal processing. For this reason, the GWs were excited
and captured at various locations on the surface of the COPV, in
accordance with the methodology outlined in Sec. 2.2. A range of
excitation frequencies was considered in this experiment, spanning
from 10kHz to 250kHz. Figure 7(a) illustrates the captured
responses along the linear array when PZT 1 was actuated at 130
kHz. The black dotted line presents the Hilbert transform of the
data, facilitating the extraction of the time of flight. Mode 3 was

Journal of Nondestructive Evaluation, Diagnostics
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the predominant transmission mode as the wave propagated along
the length of the vessel. Furthermore, the velocity of the first trans-
mission remained consistent, with the group velocity increasing
from 5000 m/s to 5800 m/s. The results for an excitation frequency
of 220kHz are presented in Fig. 7(b). Mode 3 was also the domi-
nant mode, although its velocity was slightly lower, reaching
4690m/s. The 130kHz and 220 kHz were investigated in greater
depth due to their prominence in the wave dispersion curves previ-
ously generated. Therefore, the following section will investigate
the sensitivity of these models to defects or simulated damage,
before proceeding to the design of the sensor network.

2.5 Mode Selection—Attenuation and Sensitivity to
Simulated Damage. The experimental schemes are illustrated in
Fig. 8. In Fig. 8(a), the first PZT wafer (PZT 1) served as the actu-
ator in this scenario while the remaining wafers were designated as
receivers. The last PZT is situated at a distance of 900 mm away
from the actuator. To ascertain the impact of excitation frequency
on the attenuation curves of the material, a series of tests were con-
ducted, evaluating the amplitude of the first peak received at each
sensor as a function of distance from the actuator.

AUGUST 2025, Vol. 8 / 031007-5
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Table 1 Variation of group wave velocity with direction

Frequency PZT 4 PZT 8 PZT 9 % %
(kHz) (m/s) (m/s) (m/s) variation variation
PZT 4/ PZT 4/
PZT 8 PZT 9
140 5691 6140 5402 7.89 5.07
160 5930 5837 5412 1.58 8.74
180 4440 5645 4845 27.12 9.11
200 6143 6104 5924 0.63 3.56
220 5152 5199 5060 0.91 1.80
240 5259 5269 5141 0.20 2.24

It was observed that for the excitation frequencies of 110 kHz and
130kHz, the wave can propagate for 900 mm while still conserving
approximately 30% of its amplitude (Fig. 8(a)—bottom). Excitation
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at a higher frequencies (150 kHz and 220 kHz) resulted in a signifi-
cant loss of amplitude, with 90% reduction observed after 900 mm
propagation distance. However, the signal-to-noise ratio (SNR)
remained within an acceptable range. It can therefore be assumed
that a propagation distance of 900 mm will ensure that the initial
transmission is still pronounced.

In order to ascertain the extent of coverage around the line of
sight, two PZT elements were positioned at a distance of 450 mm
from each other. The wave was actuated with one PZT, utilizing
an excitation frequency of 220 kHz, with the other PZT serving as
the receiver. A steel block with a mass of 300 g and a diameter of 30
mm was used to simulate damage. It is anticipated that this will
result in a reduction in the amplitude of the wave as it propagates
along the path. The block was initially positioned along the path
centerline and subsequently displaced from this position in a
gradual manner, as illustrated in Fig. 8(b)—top. As the damage
was displaced from the path centerline, the sensor was employed
to ascertain the amplitude of the propagating wave. The bottom
figure of Fig. 8(b) displays the first transmission signals for a
variety of damage scenarios. The various scenarios correspond to
a gradual shift of the block center away from the path centerline,
with distances of 0 mm (damage case 1), 30 mm (damage case 2),
and 45 mm (damage case 3) being considered. When the damage
was situated at 45 mm (damage case 3), the amplitude reduction
was 40%. The reduction in the amplitude of the wave signal
beyond this point is minimal. Therefore, the path coverage was
set to 45 mm on either side of the path.

3 Design of Sensor Network for Damage Detection

In a previous study by Ismail et al. [14], a model was developed
to optimize the placement of PZT wafers on any shape with closed
sections, including curves. The methodology employed for the opti-
mization of PZT networks on closed sections entailed the unfolding
of the original surface to yield a rectangular shape of dimensions
P x L. In this approach, the length of the closed section L and the
circumference length P were used to determine the unfolding of
the original surface (see Fig. 9(a)).

The objective of the proposed optimization algorithm was to
maximize the coverage of a predefined set of control points on
the unfolded cylinder, while simultaneously minimizing the
number of PZT wafers. Accordingly, the structure was discretized
to an adequate number of control points representing the structure
geometry. The coverage level (n), which is a parameter selected
according to user-specific requirements, was defined as the
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Fig. 7 Sensor responses captured at various sensors positions away from actuator 1 using an excitation frequency of (a) 130
kHz and (b) 220 kHz. The black dotted line indicates the Hilbert transform of the corresponding signals.
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Fig. 9 (a) Unfolding a closed section with resulting sensing paths [14] and (b) sketch to illustrate the constraints and termi-

nology of the optimization model

number of sensing paths necessary to cover a control point. Huang
and Tseng [30] demonstrated that accurate damage localization
necessitates coverage with three sensing paths (n =3). A sensor
path is defined as a sender-receiver combination with a maximum
distance d and a path coverage z. The term path coverage z is
used to describe the distance from the centerline of a path at
which a control point is still considered to be covered. In this
case, z is equal to 45 mm. The maximum distance, d, accounts for
the attenuation of the propagating signal over the distance at
which a sufficient signal-to-noise ratio is still present. This value
was determined through prior experimentation and was found to
be equal to 900 mm. Moreover, a minimum angle between two
sensor paths (@i, = 10deg), and a minimum distance between
two sensors (dmin = z =45 mm) are defined as boundary conditions.
An illustration of the terminology and boundary conditions is pro-
vided in Fig. 9(b).

3.1 Sensor Network Design Optimization. In the design of
the sensor network, two principal approaches may be considered:

(1) The generation of a preliminary solution (either uniform or
random) should be followed by the optimization of the cov-
erage in order to achieve the desired level of coverage, as
determined by the developed model. This may result in the
random placement of the PZTs.

(2) Definition of a solution and evaluation of coverage based on
the developed model.

Journal of Nondestructive Evaluation, Diagnostics
and Prognostics of Engineering Systems

In this study, the second approach was employed, as a uniform solu-
tion was deemed to be of interest. The uniform solution is charac-
terized by a more organized placement of the sensors, thereby
facilitating the integration of additional sensing modalities on the
pressure vessel, such as acoustics and fiber optic sensing.

On this basis, three designs were evaluated, each consisting of a
varying number of PZT wafers: 9, 12, and 15, respectively. Each of
the designs comprised a three-ring structure, with a distance of 600
mm between each ring along the length of the vessel. The number of
PZTs was distributed in a uniform manner between the rings and
positioned at equal intervals along the circumference.
Figure 10(a) illustrates the initial design, comprising nine PZT ele-
ments. The figure on the left depicts the sensing paths, while the one
on the right illustrates the control points that have been covered
(depicted as a blue dot) and those that remain uncovered (depicted
as a blue square). This design resulted in an overall coverage of 19%
of the total control points. An increase in the number of PZTs from
9 to 12 resulted in a notable enhancement in the coverage, reaching
81.5%. This is illustrated in Fig. 10(b). An additional increase in the
number of PZTs resulted in 100% coverage, as illustrated in
Fig. 10(c). In accordance with the aforementioned, design No. 3
will be adopted and subjected to further experimental validation
in the following section.

4 Damage Detection and Localization Performance

4.1 Experimental Validation. In order to test the sensor
network, the optimized design, comprising three rings with five
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Fig. 11 (a) Unwrapped cylindrical surface of COPV with the sensor network’s PZT positions 1-15 and the artificial damage
locations D1-D3 and (b) photograph of a metal block used as artificial damage

sensors each, was initially transferred to the COPV. As in the pre-
ceding experiments, PZTs (P-876K025) were utilized, which were
applied to the surface with a thin layer of two-component epoxy
adhesive. The distance between the PZTs in the circumferential
direction was 144 mm, while the distance between the individual
rings was 600 mm. A tone burst comprising five cycles and an
amplitude of 100 V,, was employed to excite the GWs within the
pressure vessel. The data acquisition (Verasonics Vantage 64 LF)
was conducted using the pitch-catch method, with a single PZT
serving as the actuator and the remaining ones functioning as
receivers. This process was repeated until all the PZTs had served
as actuators in turn (round-robin).

In order to evaluate the robustness of the sensor network in terms
of damage detection, a series of tests were conducted in which a
variety of artificial defects and defect combinations were applied
to the COPV. In essence, five different artificial damage scenarios
(D1-D5) were investigated. Metal blocks as artificial damages
were placed in various parts of the network to cover a wider
range of scenarios and ensure that the network provided full cover-
age of the area under study (Fig. 11). D4 was a combination of D2
and D3, and D5 was a combination of D1 and D3. The pressure
vessel was supported in two ways, which were categorized as the
boundary condition. First, the apparatus was affixed to casters in

031007-8 / Vol. 8, AUGUST 2025

the initial and final thirds of the COPV, with four supporting
points. Subsequently, the COPV nozzles were positioned on a
frame to assume a laid-free condition. Two distinct excitation fre-
quencies were selected, namely f; = 130kHz and f, =220kHz,

Table 2 Experimental setup variations to evaluate the
robustness of the sensor network in terms of damage detection
and localization

Types of variations Description

D1: Between S1 and S6, 20 cm away from S1

D2: Between S6 and S10, 30 cm away from S6
D3: Between S1, S6, and S7, 40 cm and 36 deg from
S1

D4: Combination of D2 and D3

D5: Combination of D1 and D3

DS1: Metal block weighting 513 g, 3 cm diameter
DS2: Metal block weighting 330 g, 3 cm diameter
BC1: COPV on fixed castors, support on four points
BC2: COPV assumed laid free, nozzles on the frame
F1: 130kHz

Damage scenarios

Damage sizes
Boundary conditions
Excitation

frequencies
F2: 220kHz

Transactions of the ASME



Table 3 DI based on feature extraction

Damage index DI Formula
Correlation coefficient cC Zk SiSpi— Z .SH'Z.  Sni
2
\/Z, 1 Shi~ S”’ \/ZL:I S;J-f i=1 SD")
Frequency domain maximum amplitude FAMAX DI = Lfmdx - .,.,xl r{]{ﬂ xD _ max[ Sup( f)]
Skewness of frequency domain response F-SKEW DI = Vake; >kew| L fiD row = skewneSS[SH p(f )]
Skewness SKEW DI = 7‘ [ﬁ”;ﬁi \[*““ § 5P = skewness[Sy.p(1)]
Signal sum of squared differences SSSD DI = > Su=Spy*
SH
Hilbert transform-based TOF percentage difference HTOF DI = |5 max’;} :“HI’ tﬁam — argmax( [SH,D(I)])
Area under frequency spectrum FAUC Lfauklfaucl 1D = trapz| Sy.p( )]
Kurtosis of frequency domain response F-KURT DI = Vku" fk"f‘l k’zr{) = kurtosiS[SH,D(f )]
Kurtosis KURT L | klun 2l , 50 = Kurtosis[ Sy p(1)]
Cross-correlation maximum percentage difference CCMPD DI = W
H
- ion- i max CC? s CCP
Cross-correlation-based TOF percentage difference CCTOF DI = s — clc" |’ ’gélx)cc — argmax([CCH, D(,)])
Signal amplitude Hilbert transform maximum SAHM DI = | max[HISy]l-max HISp]]
- max [H[Sy]]
Parametric resonance frequency differences ARRFD -
DI = e kpc“k f:e’af = argmax[ SH,D(f)]
pea
Variance of frequency domain response F-VAR DI = |l dj:vd.l HD Variance[ Sup (f)]
Variance VAR

t\ar [Vﬂ{ 1
DI = % t1.0 = variance[ Sy p(#)]

due to their high energy dominance in the dispersion curves and the
clear separation of the propagating modes within the designated fre-
quency range (Figs. 3 and 4). The various combinations of experi-
mental setup variations are outlined in Table 2. Prior to the
examination of various artificial damage scenarios, a baseline mea-
surement of the pristine state was conducted to facilitate the calcu-
lation of the difference between the damage-introduced state and its
subsequent influence.

4.2 Reconstruction for Probabilistic Damage Localization.
The network of 15 PZT elements in the panel provides 210
sensing paths. Due to the dual functionality of the PZT elements

CCMPD
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Circumference / mm

and the absence of nonlinearity, the number of paths can be
reduced to 105 distinct paths (for example, instead of utilizing
both paths 1-6 and 6-1, only path 1-6 is considered). It is anticipated
that the damage will be located at the intersection of the most
severely damaged paths, that is to say, the paths exhibiting the
highest anomaly measures (the greatest deviation from the pristine
state). The damaged image was reconstructed by dividing the mon-
itored zone (cylindrical part) into a uniform grid of square cells,
each with an area of 1 mm?. The presence of damage in each cell
was evaluated by aggregating the anomaly measures from all the
sensing paths contributing to that cell.

The recorded signals are processed based on a reconstruction
algorithm for probabilistic inspection of damage (RAPID), as

VAR
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Fig. 12 RAPID results for damage scenario D3_DS2_BC2_F2 using damage indicators CCMPD, FAUC, and VAR
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outlined in Ref. [31]. In order to represent the shortest possible
sensor path, virtual sensors were considered in the reconstruction
algorithm. The damage intensity, denoted by I(x), is calculated at
each point (x,y) by taking into account the influence of actuator—

sensor paths. The intensity indicates the probability of a damage
occurrence (i.e., the higher the value, the more likely damage is
present), and is calculated as follows:

R(x,y)

where p, is the correlation coefficient of the kth actuator-sensor
path, N, is the number of paths, f is the scaling factor determining
the area of influence (the higher the bigger area of influence on
wider access), and R(x, y) defined as
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Fig. 16 Detection performance of DIs based on AUC-ROC curve for eight different experimental conditions
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where a is the scaling factor determining the area of influence on the
actuator-sensor path. Based on the effective area of GW propaga-
tion through the pressure vessel, the values of a and §§ were selected
as 1 and 1.05, respectively. In order to enhance the effective zone
for the distribution function, it is necessary to augment both the
values of a and f.

There are more alternative methods for calculating a damage
index (DI) that can be used to indicate the presence of a damage,
rather than relying on the correlation coefficient [32]. In this study,
the performance of 15 distinct DIs is assessed based on their response
characteristics over time and frequency, as well as their shape char-
acteristics. These are presented in Table 3 along with their corre-
sponding mathematical formulas. The DIs are typically defined as
the calculated difference between the pristine state (H) and the
damage state (D). The following relationship exists between the
value of the correlation coefficient and the DI:

1
DI +1

Pk = 3)

Ultimately, the damage intensity for each actuator—sensor path is
calculated and aggregated up to reconstruct the probabilistic
damage images, wherein locations exhibiting a high probability
of damage are highlighted in color.

Figure 12 illustrates the outcomes of the RAPID algorithm for
damage scenario D3, damage size DS2 under boundary condition
BC2, and working frequency of F2 =220kHz, employing the
three most effective DIs: cross-correlation maximum percentage
difference (CCMPD), area under frequency spectrum (FAUC),
and variance (VAR). The location of the artificial damage is indi-
cated by a blue circle. The probabilistic visualizations for the
reported damage indices demonstrate that the dark red areas are
indicative of a high likelihood of defect occurrence. In contrast,
Fig. 13 depicts the probabilistic imaging results for the damage sce-
nario D4, in which two distinct artificial damages (DS1 and DS2)
were positioned on opposing halves of the pressure vessel while
it was subjected to boundary condition BC1. The excitation of
GW signals was conducted at a frequency of F2=220kHz. It
can be observed that when multiple damage locations are present,
their positions can be identified, although the contrast with the
background is diminished.

4.3 Quantitative Evaluation Metric for Damage
Visualization. The efficacy of the damage visualization has been
evaluated using the prior knowledge of the location of artificial
damages and the sensitivity—specificity relationship as outlined in
Ref. [33]. The specificity and sensitivity of damage localization
and detection were determined for each visualized damage, based
on the true known location of the damage. The diagnostic images
created with different DIs were evaluated by histogram binarization,
with 300 threshold points employed for this purpose. Subsequently,
receiver operating characteristic curves (ROC) were generated by
plotting the true positive ratio against the false positive ratio. The
ROC curves for the DIs highlighted in Figs. 14 and 15 are shown
in Figs. 12 and 13, respectively. These curves are exemplary and
demonstrate high diagnostic reliability. In order to obtain a quanti-
tative value for the performance of defect detection and
localization, the area under ROC curve (AUC-ROC) was consid-
ered as a measure of performance for each DI and artificial defect
case. The results of the evaluation for all 15 DIs in relation to
eight different artificial damage variations are displayed in
Fig. 16. The variations in excitation frequency and boundary condi-
tions are indicated by different shapes. When comparing the perfor-
mance of all DIs under varying experimental conditions, it is
evident that there is an almost constant value (80%) of damage
detectability and localisability for CCMPD, FAUC, and VAR,
which is independent of the current test conditions.
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5 Conclusion

A fundamental aspect of the design of a sensor network for
damage detection and localization within the COPV was the com-
prehension of the characteristics of GWs. The data revealed the
presence of multiple wave modes, with two dominant modes exhib-
iting different speeds. A significant discovery was the constant
phase velocity, which remained unaffected by direction. This led
to the assumption that orthotropy has a reduced impact on wave
propagation, which in turn simplifies data processing for damage
identification. The sensitivity and attenuation behavior of these
modes were subjected to close examination. Ultimately, a sensor
network was constructed to provide full coverage of the structure
under investigation, based on the previously acquired knowledge
regarding wave propagation within the COPV.

The robustness of the network was evaluated through the intro-
duction of artificial damages created by the gluing of weight
blocks, which resulted in localized changes in stiffness on the
surface of the COPV. A total of eight distinct case scenarios were
subjected to measurement in order to obtain a comprehensive multi-
layered test data set, which varied factors such as damage size, loca-
tion, boundary conditions, and excitation frequency. The data were
analyzed using the RAPID approach, which employed 15 different
DIs and both ultrasonic and time-series features. Overall, the sensor
network demonstrated the capacity to effectively detect and localize
damage, although the sensitivity of the DIs exhibited variability
contingent on the specific experimental conditions. In order to
obtain a quantitative metric regarding the effectiveness of the detec-
tion performance, the AUC-ROC was considered for each DI. This
resulted in the conclusion that artificial damages are most effec-
tively detected using indices such as VAR, CCMPD, or FAUC.

It is possible that real defects, such as delamination or impact
damage, may display different characteristics with regard to
damage detection and GW feature relationships. In order to facili-
tate the selection process for DI, it would be beneficial to employ
additional quantitative evaluation metrics, such as the AUC-ROC.
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